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Abstract 
Blown extruded films of low-density polyethylene (LDPE) have been subjected to climatic ageing in a sub-Saharan facility at 
Laghouat (Algeria) with direct exposure to sun. Samples were characterized by X-ray diffraction (XRD) and differential 
scanning calorimetry (DSC) techniques after prescribed amounts of time up to 8 months. It has been shown via these two 
techniques that crystallinity increases with exposure time. The reason of these morphological changes is relevant to 
photooxidative reactions leading to crosslinking in the beginning and to chain scissions for an advanced stage of ageing. The 
short chain segments resulting from scission reactions increase the crystallinity of the film via a chemocristallisation process. 
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1. Introduction 
Plastic films for greenhouse covering, when exposed outdoor under severe conditions in the Sahara, degrade 
through the influence of factors such as sun’s radiation, temperature, humidity, rain, sand wind and the oxygen 
content of air and atmospheric pollutants (Qureshi and al 1989; Verdu 1973). During it service life time the film 
covering is subjected to a continuous cycle of days and nights. The interaction of solar light with the surface of the 
film conjugated to the presence of the surrounding oxygen leads to an irremediable oxidation of the 
macromolecules. However internal regions of the polyethylene films are continuously poor in oxygen, which is 
essentially consumed on the surface layers. When, the irradiation is discontinuous, and the darkness periods are 
long enough, oxygen has time to saturate the sample during these periods. Therefore, the global yield of the 
oxygen reaction is greater than the one of a continuous irradiation (Verdu, 1984). 
The photochemical reactions taking place during exposure are responsible, at a macroscopic scale, to the 
change of the mechanical properties of the films.  At a microscopic scale, this is due to in a first stage to 
crosslinking reactions, and then followed by chain scissions which become predominant. These last ones are 
known to be the first cause responsible to the morphological changes. To verify the effects of ageing on 
morphological properties it is possible to use two different characterization tools. So, in literature it is well known 
that differential scanning calorimetry (DSC) is a powerful device to characterize the thermodynamical properties 
of polymers. While, X- Ray diffraction (XRD) is commonly used for crystallographic characterization. In the 
following we describe by mean of these two methods the effect of UV radiation of the morphological changes 
undergone by a polyethylene film aged in a sub-Saharan region 
2. Experimental 
2.1. Material and ageing conditions 
    The LDPE utilized in this investigation is a commercial film produced by the ENIP Company, Skikda, Algeria 
under the reference: B24/2. The polyethylene has been transformed into films in the SOFIPLAST industry. This 
polymer is a neat grade exempt of stabilizing agents. The melt was extruded at about 175°C and blown in a 
continuous process characterized by a bubble diameter of 4.4 m, a wall thickness of 180 μm, and a drawing speed 
of 15 cm/s. Film cuts were mounted within wooden frames facing south, inclined at 45°, according to the standard 
NF T51-165. The solar exposure took place at Laghouat, Algeria (38°, 48’ N) from March to November. The 
maximum time of 8 months corresponds to the time at which the films became too brittle to resist to the wind 
force.  
2.2. Characterization methods 
Thermal properties were obtained from a differential scanning calorimeter apparatus (DSC Mettler TA 3000) 
interfaced to a microcomputer controller. Indium was used for calibration. The samples (about 10 mg) were heated 
from -150 to 200° C with a heating rate of 10°C/min. The ¿rst order and the second order transition Temperatures, 
i.e .melting (Tm) and glass transition (Tg) temperatures, respectively, were well de¿ned and reproducible. 
X-ray diffractograms were obtained by means of a (XRD, PW3040 Philips Diffractometer, Cu KD radiation 
, Ȝ =0, 154056 Å, voltage: 40 kV and current 50 mA) over a range of 2T= 5-60° (step of 0.04 and acquisition 
time of 3s).  
The small X-ray diffractograms were obtained by means of a (XRD INEL diffractometer, Cu KD radiation, Ȝ 
=0, 154056 Å, voltage: 30 kV and current 40 mA) Fig. 1. 
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Fig. 1. XRD apparatus measurements cell 
3. Results and Discussion 
3.1. Effect of ageing on the second order and the first order transitions 
The differential scanning calorimetry (DSC) allows the morphological characterization of 
polymers and more particularly that of semi-crystalline materials. For polyethylene during the scanning it occurs 
two main events, the first one around -110°C corresponding to a transition of second order (glass transition, 
characteristic to the amorphous phase) and the second one of first order at approximately 119 °C corresponding to 
the melting of the crystalline phase. Besides both transitions described just above, a third one occurs between 50 
and 60° C, that we denote Tr Fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. DSC curve of an unaged PE film, Tg, Tr, Tm 
 
In Table 1 are reported the different transitions temperatures described above. In all the cases the three 
different temperatures increase with ageing time.  
 
It can be observed that Tg slightly increases during ageing. This phenomenon can be related to structural 
changes occurring in the amorphous region. This can be related to restriction in mobility and / or in rotation of the 
molecular chains in reason of the photochemical reactions leading to crosslinks at the beginning and to chain 
scissions which become predominant at an advanced ageing stage (Billmeyer and al, 1984). 
 
A transition temperature (Tr) appears around 50 ° C. This temperature shifts to higher values with ageing. Its 
origin is not well established yet. Two hypotheses can be advanced: 
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x It can be due to a variety of stresses, probably molecular orientation, frozen in during processing and 
which recovers during DSC heating. 
x It has also been proposed that the apparition of several peaks represents the melting of lamellae of 
different sizes. The local melting of smallest sizes may occur before the ones of thickest sizes (Pabiot 
and al, 1981). 
 
In fact, it has been verified elsewhere (Chabira and al, 2006) that just after the first scan after, once the 
temperature has reached 150 ° C, a second scan is done in the same testing conditions after the sample has been 
cooled rapidly into the cell of the apparatus. In almost all the cases this transition disappeared.   
        Table 1. Transition temperature of first order Tm, and of second order Tr and Tg. 
Sample  Tg °C  Tm °C Tr °C 
A0 (0 month) -113 118 53 
A2 (2 months) -113 119 53 
A4 (4 months) -112 120 57 
A6 (6 months) -111 120 62 
A8 (8 months) -109 120 62 
 
With ageing the melting temperature has tendency to slightly increase. The temperature recorded in the top of 
the fusion peak is 118°Cfor the original film and 120°C after 8 months of ageing. The area of the endothermic 
peak of melting allows the crystallinity degree determination. The higher the crystalline concentration, the larger 
the area of the melting peak. Its width is also affected since it becomes larger with exposure. Meaning that beside 
the concentration the thicknesses of the crystalline lamellae increase too. Applying the classical Gibbs-Thomson 
model with the characteristic thermodynamic parameters of polyethylene (Wunderlich and al, 1967) it has been 
found that the most probable thickness at the original state is 8,6087nm which becomes 9,4133nm at the last stage. 
 
It appears from the calculation that ageing, not only affects the lamellae thicknesses but could also affects the 
long period of the material. This is thus verified by XRD and it is the purpose of the following section.  
3.2. Ageing effects on the long period 
On Fig. 3 and 4 are reported the sax cliche of the unexposed and the aged samples. The SAXS cliches appear 
to leave no notable changes; however, the use of the diffractograms shown below allows the determination of the 
long period. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                       Fig. 3. Saxs cliche and the relative intensity profil of the original sampleA0 
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Fig.4. Saxs cliche and the relative intensity profil of the aged sample A8 
 
It is assumed that a semi-crystalline polymer is an alternation of crystalline lamellae (thickness lc) and 
amorphous areas (thickness la). The periodicity of this structure is described by the long period ( Lp = lc + la) 
(Tsumashima and al, 1996). 
 
The diffractograms recorded on cleches acquired at small angles allow us to calculate the long periods of the 
samples. To do this, the diffractograms are treated in order to calculate the maximum of the peaks whom 
corresponding diffraction angles give a good insight on the distance between the upper part of one lamella to the 
next one including the amorphous phase between them.  This distance is defined as the long period (Hughes and 
al, 1997). The results of the calculations are reported in the table 2. 
Table 2. Long periods of unaged (0 month) and aged (4 and 8 months) of LDPE films 
Sample  lp (nm) 
A0 (0month) 18.52 
A4 (4months) 16.95 
A8 (8months) 16.73 
 
A cursory observation of the long period values let appear that it decreases with ageing time of about 6%.  Such 
a behavior is relevant to significant structural changes. On a morphological point of view this variation could be 
relevant to a sensitive increase of the crystallinity concentration. Indeed, the interaction of solar light with the 
macromolecular chains leads essentially to photochemical reactions. Two simultaneous effects can be taken into 
account. The first one occurring in the amorphous phase corresponds to the photooxidation of the material. This 
reduces drastically the average molecular chains length by chain scissions. In the second one, the resulting short 
chain segments diffuse progressively toward the crystalline lamellae increasing hence gradually the overall 
concentration of crystallinity via a chemocristallisation process. 
3.3. Comparison of the crystalline concentration determined by DSC and XRD 
The crystalline concentration has been calculated using two different methods, DSC and XRD. The first one is 
based on the thermodynamical first order transition of the material while the second one is based on its optical 
properties. 
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 In the DSC technique the crystalline concentration is determined by integrating the surface of the melting 
peak, directly proportional to the heat of fusion. Also, the crystallinity noted Xc, corresponds to the ratio of the 
heat of fusion of the current sample and that of a 100% crystalline polyethylene equation (1)  (Wunderlich and al, 
1967) . 
 
                                                                             (1)     
 
Where:  ǻHf is the heat of fusion of the sample and (ǻHf’= 285 j/g) the heat of fusion of a 100% crystalline 
sample. 
 
In the optical method (XRD), the crystallinity was calculated by the total crystalline peaks areas (Acr) and the 
total scattering peaks including contribution of the amorphous phases ratio (Acr + Aam) (Munro and al , 1984; 
Akay and al , 1980)]. This corresponds to the relation given in equation (2).  
 
                                                                                                                                           (2) 
 
The results obtained from both methods and for three ageing stages are reported on Table 3. 
Table 3. Crystallinity degree by XRD and DSC methods 
  Sample X % (XRD) X% (DSC) 
  A0 (0month) 36.01 35,40 
  A4 (4months) 37.43 38,67 
  A8 (8months) 41.67 36,81 
 
From those results, it can be observed that the magnitude of the crystallinity degree determined by both 
methods is almost the same. However the small differences in the results could be due to the type of the 
measurement method. The quantification of the crystallinity by the optical method is based on the reflexion of the 
X ray beam on the surface of the sample and its intensity is counted by the receptor. While in DSC it is the total 
heat needed for the complete fusion of the crystallites which is recorded.  It can be believed that this technique 
could give a more accurate estimation of the crystalline concentration.    
 
In any case, it can be concluded that the incidence of solar irradiation on the material, consists mainly in an 
increase of the crystallinity via a chemocristallisation process identified by both methods. 
 
It is well known that solar irradiation on plastic materials have deleterious effects on the physic-chemical 
properties. The energy carried by the UV portion of the sunlight is absorbed by a variety of structural defects. 
Surrounding oxygen reacts with these structural defects building up into the macromolecular structure oxygen 
containing groups such as carbonyl, hydroxyl and/or hydroperoxyde consequently to a photooxidation process 
(Severini and al, 1988 ; Sebaa and al, 1993 ). 
 
Polymer oxidation is known to be accompanied by chain scission reactions. This reduce drastically the average 
molecular weight and leads to a contemporaneous lessening of the physical-mechanical properties to values which 
make it unusable ( Severini and al, 1988 ; Verdu, 1973). 
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3.4. Effect of ageing on the crystallographic planes 
 In Fig. 5 are represented the diffractograms of the LDPE film for three different ageing stages. It can be 
observed that the diffractograms reveal that the material possesses several crystallographic planes and the most 
important from them are the 110 and 200 planes. This reveals that the elementary unit cell of the crystallographic 
system of this polymer is orthorhombic.  
 
The big advantage of XRD on DSC is that it allows getting qualitative information relative to the polymer 
micro-structure.   
 
 
 
 
 
Fig. 5. Diffractogramms of vergin (0 month) and aged (4 , 8 months) samples 
With ageing it has been observed that the maximum of the peaks decreases with time exposure and their 
corresponding angles are also slightly affected by UV irradiation as well (Table. 4.). On a structural point of view, 
exposure does not generate new crystalline planes, consequently solar irradiation do not affect the original 
crystallographic system.   
Table 4. Crystallographic parameters vs. exposure time 
                  Crystallographic   
plan
Sample 
 
 
110 
 
 
200 
 
A0 (0month) 
ș              21.39447  ș°     23.50721 
I (AU)    17914.57 I (AU) 1925.55 
 
A4 (4months) 
ș°            21.60735 ș° 23.73396 
I (AU)    7156 I (AU) 1619.23 
 
A8 (8months) 
ș°            21.6899 ș° 23.81097 
I (AU)    5931 I (AU) 1776.76 
4. Conclusion 
Exposition of the films to solar light leads to chemical reactions such as oxidation. In parallel to that, it occurs 
two competitive reactions which are crosslinking in the beginning of ageing and chain scissions which become 
predominant at a more advanced stage. The control of the crystallinity by the two methods reveals that the 
crystalline concentration increases with exposure time. This is relevant to photooxidation reactions accompanied 
by chain scission reactions. Then the resulting short chain segments diffuse toward the exiting crystallites 
lowering in one hand the long period and in the other increasing the thickness of the lamellae. Globally, the 
crystallographic system was virtually unaffected by the exposition, the main impact of ageing was rather on the 
increasing of the crystalline concentration.  
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